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Male infertility in HR6B knockout mice is associated with impairment of spermatogenesis. The HR6B gene is a
mammalian, autosomal homolog of the Saccharomyces cerevisiae gene Rad6 encoding a ubiquitin-conjugating enzyme. In
ddition, X-chromosomal HR6A has been identified, in human and mouse. RAD6 in yeast is required for a variety of cellular
unctions, including sporulation, DNA repair, and mutagenesis. Since RAD6 and its mammalian homologs can ubiquitinate
istones in vitro, we have investigated the pattern of histone ubiquitination in mouse testis. By immunoblot and
mmunohistochemical analysis of wild-type mouse testis, a high amount of ubiquitinated H2A (uH2A) was detected in
achytene spermatocytes. This signal became undetectable in round spermatids, but then increased again during a relatively
hort developmental period, in elongating spermatids. No other ubiquitinated histones were observed. In the HR6B
nockout mice, we failed to detect an overt defect in the overall pattern of histone ubiquitination. For somatic cell types,
t has been shown that histone ubiquitination is associated with destabilization of nucleosomes, in relation to active gene
ranscription. Unexpectedly, the most intense uH2A signal in pachytene spermatocytes was detected in the sex body, an
nactive nuclear structure that contains the heterochromatic X and Y chromosomes. The postmeiotic uH2A immunoex-
ression in elongating spermatids indicates that nucleosome destabilization induced by histone ubiquitination may play a
acilitating role during histone-to-protamine replacement. © 1999 Academic PressKey Words: ubiquitin; RAD6; chromatin; protamine; testis; spermatogenesis; sex body; histone ubiquitination.INTRODUCTION
Homozygous mutation of HR6B, homolog of the Saccha-
romyces cerevisiae gene Rad6 in the mouse, results in
ale, but not female, infertility (Roest et al., 1996). In
east, the RAD6 protein is required for a variety of cellular
unctions, including sporulation, DNA repair, and mu-
agenesis (reviewed by Lawrence, 1994). Two homologs of
ad6 have been identified in mouse and man,
-chromosomal HR6A and autosomal HR6B (Koken et al.,
991; Roest et al., 1996). Both genes are expressed in many
issues, with the highest mRNA expression levels in brain,
eart, and testis (Koken et al., 1996). In different cell types,
the amounts of HR6A and HR6B protein are similar, but in
mouse and rat spermatids a relatively high level of HR6B
protein is present (Koken et al., 1996; and unpublished
observations). The expression of X-chromosomal HR6A
mRNA is strongly reduced in pachytene spermatocytes
(Hendriksen et al., 1995; Koken et al., 1996). During this
322part of the meiotic prophase, the X and Y chromosomes are
heterochromatic, forming the so-called sex body, which is
transcriptionally inactive (Monesi, 1965). Following
completion of the meiotic divisions, the X-chromosomal
HR6A gene is reactivated. Despite this postmeiotic expres-
sion (Hendriksen et al., 1995), there is a relative lack of
HR6A protein in round and elongating spermatids (Koken
et al., 1996).
HR6A and HR6B are ubiquitin-conjugating enzymes.
Ubiquitin is an ubiquitous protein of 76 amino acid resi-
dues, which can be covalently attached to cellular sub-
strates through a multistep enzymatic process. Polyubiquiti-
nation often marks intracellular proteins for degradation, but
it can for example also signal endocytosis of plasma mem-
brane proteins or result in a functional (conformational)
alteration of the target protein (reviewed by Varshavsky,
1997). The ubiquitination process involves activities of
ubiquitin-activating (E1), -conjugating (E2), and -ligating
enzymes (E3) and results in mono- or polyubiquitination of
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323Histone Ubiquitination in Spermatogenesiscellular substrates. The ubiquitin system is involved in a
wide variety of fundamental cellular processes. The HR6B
knockout mouse is the first mammalian animal model for a
defect in any of the enzymes involved in the ubiquitin
pathway. The finding of male-limited infertility as the only
clear phenotypic defect in the HR6B knockout mouse may
e explained by the high percentage of identity between
HR6A and mHR6B (96% identical amino acid residues),
hich implies that mHR6A can most likely functionally
ompensate for the lack of mHR6B in most tissues of the
R6B knockout mice (Roest et al., 1996). Yet, the HR6B2/2
phenotype points to a critical role for the ubiquitin system
in spermatogenesis. In addition, several other observations
indicate that male germ cell development and differentia-
tion have a particular requirement for the ubiquitin system
(see Baarends et al., 1998). The level of ubiquitin is high in
chicken (Agell and Mezquita, 1988) and mammalian (Lan-
neau and Loir, 1982) testis, and testis-specific mRNAs are
produced through alternative splicing of a heat-shock-
inducible polyubiquitin gene in chicken (Mezquita et al.,
1997).These findings might be related to the fact that,
during spermatogenesis, a high turnover of proteins occurs,
such as the turnover of nuclear proteins during the post-
meiotic histone-to-protamine transition (Agell and
Mezquita, 1988; Oliva and Dixon, 1991). This transition is
one of the several reorganizing events, which occur as part
of the extensive germ cell differentiation process. Such
transitions probably require rapid and massive downregula-
tion of the cellular concentration of a number of proteins
and could pose a high demand on ubiquitin-dependent
proteolysis, carried out by the 26S proteasome. This multi-
subunit structure is actively involved in the breakdown of
(poly)ubiquitinated proteins (Varshavsky, 1997).
Derailment of spermatogenesis in the HR6B knockout
mice becomes overt during the postmeiotic condensation of
chromatin in spermatids. Based upon the relatively high
expression of HR6B in spermatids, and its localization to
the nucleus, the underlying mechanism might involve lack
of ubiquitination of proteins in spermatids that are actual
components of chromatin, or lack of ubiquitination of
indirect regulators of chromatin structure. The postmeiotic
nuclear elongation and nuclear condensation processes in
spermatids require the replacement of nucleosomal his-
tones by transition proteins and subsequently by prota-
mines. Through association of protamines with DNA, lin-
ear side-by-side arrays of chromatin are formed. This results
in the formation of a nucleus containing tightly compacted
DNA, at least sixfold more highly condensed than the DNA
in mitotic chromosomes (reviewed by Ward and Coffey,
1991).
It has been shown that the yeast and rabbit RAD6
proteins can ubiquitinate histone H2A and, to a lesser
extent, H2B in vitro (Haas et al., 1991). In somatic cells of
many species, approximately 10% of H2A and 1–1.5% of
H2B are ubiquitinated (West and Bonner, 1980). The func-
tion of histone ubiquitination is not fully clear. There are
indications that histone ubiquitination results in destabili-
s
m
Copyright © 1999 by Academic Press. All rightation of the H2A–H2B dimer, which may facilitate replace-
ent by newly synthesized histones and/or potentiate
NA transcription (Li et al., 1993).
Two types of histone modifications have been docu-
ented during spermatogenesis. In rat spermatids, occur-
ence of highly acetylated H4 is associated with histone
isplacement (Meistrich et al., 1992). Furthermore, during
hicken and trout spermatogenesis, ubiquitinated histones
ere detected during late stages, when nucleosomes are
isassembled (Agell et al., 1983; Nickel et al., 1987). To
nvestigate histone ubiquitination during mammalian sper-
atogenesis, and the possible function of HR6A and/or
R6B therein, we have performed a study to determine the
attern of histone ubiquitination in mouse testis.
MATERIALS AND METHODS
Isolation of Different Cell Types from Mouse Testis
Spermatocytes and round spermatids were purified from 30-day-
old and adult mice using collagenase and trypsin treatment, fol-
lowed by sedimentation at unit gravity (StaPut procedure) and
density gradient centrifugation through Percoll (Grootegoed et al.,
1986). The purity of the cell fractions was .90% as observed by
microscopic analysis of an aliquot of the purified cells fixed in
Bouins’ fixative on glass slides.
An alternative protocol for purification of spermatocytes in-
volved inclusion of 10 mM iodoacetamide throughout the cell
isolation procedure (iodoacetamide inhibits protein deubiquitina-
tion; Matsui et al., 1982). To limit negative effects of iodoacet-
amide on cell viability, this shorter isolation procedure was carried
out as follows. Decapsulated testes were shaken (90 cycles/min,
amplitude 10 mm) at 32–34°C in 20 ml phosphate-buffered saline
(PBS) with Ca21 and Mg21 (PBS 1 Ca/Mg: 137 mM NaCl, 2.7 mM
Cl, 1.5 mM KH2PO4, 6.5 mM Na2HPO4, 1.1 mM CaCl2, 0.5 mM
MgCl2), containing 1 mg/ml trypsin (40–110 U/mg; Boehringer
annheim, Mannheim, Germany), 1 mg/ml collagenase (0.435
/mg, Boehringer Mannheim), and 0.5 mg/ml hyaluronidase (1000
/mg, Boehringer Mannheim) in a siliconized 100-ml Erlenmeyer
ask for 25 min. The tubule fragments obtained by this enzyme
reatment were shaken (120 cycles/min) at 32–34°C in 20 ml PBS
ithout Ca21 and Mg21 (PBS 2 Ca/Mg: 137 mM NaCl, 2.7 mM KCl,
.5 mM KH2PO4, 8.1 mM Na2HPO4) for 10 min. Large cell clumps
were removed using a Pasteur pipette, and the cell suspension was
filtered through a 60-mm nylon filter. The obtained cell preparation
as centrifuged at 62g for 3 min.
Elongating spermatids were isolated from five adult mice that
ad been irradiated with 1 and 5 Gy on day 1 and day 2, respec-
ively. On day 19, testes were isolated, and one testis was used for
istological examination and ubiquitinated H2A (uH2A) immuno-
istochemistry. The histology demonstrated that the irradiation
ad resulted in complete lack of spermatocytes and the presence of
nly very few round spermatids. The uH2A immunoexpression
attern in the remaining germ cell types did not differ from the
attern observed in control testis. The other testes were used for
solation of elongating spermatids using the StaPut procedure,
erformed as described above, but at 7°C and in the presence of 10
M iodoacetamide throughout the procedure. Microscopic analy-
is of the purified cells confirmed the absence of spermatocytes and
omatic cells from the cell preparation, which consisted of a
ixture of elongating and condensing spermatids.
s of reproduction in any form reserved.
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324 Baarends et al.Isolation of Acid-Soluble Nuclear Proteins
Testes or isolated cell preparations were homogenized in 10 ml
of buffer A (100 mM KCl, 10 mM Tris, pH 7.5, 5 mM MgCl2, 10
mM sodium butyrate, 1 mM phenylmethanesulfonyl fluoride, 0.1
mg/ml aprotinin, and 10 mM iodoacetamide) with 0.1% (v/v)
NP-40, in an automated potter. Acid-soluble nuclear proteins were
isolated according to Davie and Murphy (1994). Proteins were
precipitated with 25% trichloroacetic acid and collected by centrif-
ugation. After being washed with acetone/0.006 N HCl and subse-
quently with acetone, the pellet was dried and the proteins were
dissolved in water.
Gel Electrophoresis and Detection of
Ubiquitinated Histones
A total amount of 10mg acid-soluble proteins was run on 15%
SDS–polyacrylamide gels and blotted on nitrocellulose (0.45 mm)
sing the Bio-Rad Mini-Protean II electrophoresis and blot cells
Bio-Rad, Hercules, CA). Blotting was performed for 1 h at room
emperature in 16.5 mM Tris, 150 mM glycine, 20% (v/v) methanol
pH 8.3). First-dimension acetic acid–urea–Triton (AUT) gels were
un according to Davie (1982) and contained 0.8 M acetic acid, 6 M
rea, and 0.375% (v/v) Triton X-100. The AUT strips were placed
n SDS–PAGE gels and run as described above for separation in the
econd dimension.
Ubiquitinated histones were detected with a-ubiquitin (a-ubi)
polyclonal; Sigma, St. Louis, MO) or a-uH2A (monoclonal; pro-
vided by Dr. Celis, Denmark) (Vassilev et al., 1995). After nonspe-
ific sites were blocked with 2.5% (w/v) nonfat milk in 20 mM
ris–HCl, pH 7.5, 0.15 M NaCl (buffer A), for 1 h at room
temperature, a-ubi was diluted 1:500 in buffer A containing 0.2%
onfat milk and incubated with the immunoblot for 90 min.
ashings were performed in buffer A with 0.05% (v/v) Tween 20.
or the final washing step after the second antibody incubation
peroxidase-labeled goat anti-rabbit; Sigma), 10 mM Tris–HCl, pH
.0, 0.15 M NaCl, 0.05% Tween 20 was used. For detection with
a-uH2A, nonspecific sites were blocked with 1% (w/v) bovine
serum albumin (BSA, Fraction V; Sigma) in PBS, 0.1% Tween 20.
The a-uH2A antibody was diluted 1:100 in the blocking solution,
and the washing steps were performed with PBS, 0.1% Tween 20.
After the second antibody reaction (peroxidase-labeled goat anti-
mouse and goat anti-rabbit; Sigma), antigen–antibody complexes
were detected using a chemiluminescence kit (Du Pont de
Nemours, NEN products, Bad Homburg, Germany) according to
the instructions provided by the manufacturer.
Immunohistochemistry
Testes were isolated and fixed in phosphate-buffered formalin
(30 mM NaH2PO4, 45 mM Na2HPO4, 4% (v/v) formaldehyde, pH
6.8) for 6–18 h at 4°C, dehydrated, and embedded in paraffin.
Eight-micrometer sections were collected on 3-aminopropyltri-
ethoxysilane-coated (Sigma) slides and dried overnight. After depar-
affinization, endogenous peroxidase was blocked by incubation in
3% (v/v) H2O2 for 20 min, followed by a rinse with tap water. Then
he slides were incubated for 20 min in a microwave oven in 0.01
citric acid, pH 6.0. The slides were allowed to cool down and
ashed with distilled water and PBS. The slides were blocked for
0 min in PBS, 0.5% BSA, 0.5% nonfat milk, and incubated witha-uH2A (diluted 1:10 in 10% BSA in PBS) overnight at room
temperature. Subsequently, the slides were washed in PBS and
Copyright © 1999 by Academic Press. All rightincubated for 1 h at room temperature with the second antibody
(biotinylated goat anti-mouse; DAKO, Glostrup, Denmark) which
was diluted 1:200 in PBS containing 2% normal goat serum. The
antibody–antigen complexes were detected by incubation for 30
min with avidin–biotin complex reagent (DAKO) according to the
protocol supplied by the manufacturer, followed by staining with
3,39-diaminobenzidine tetrahydrochloride (DAB)/metal concen-
trate (Pierce, Rockford, IL), counterstaining with hematoxylin, and
mounting.
Immunocytochemistry
Surface spreading of mouse meiotic germ cells was performed
according to Peters et al. (1997). For the antibody reaction, slides
were washed extensively in PBS containing 0.05% Triton X-100
and blocked in PBS with 0.05% Triton X-100 and 5% nonfat milk
(blocking solution). a-uH2A was added (1:10, in blocking solution)
nd the incubation was continued overnight. After extensive
ashing in PBS containing 0.05% Triton X-100, the slides were
ncubated in PBS containing 5% nonfat milk and 10% normal goat
erum for 20 min at room temperature. The same solution was
sed for second-antibody incubations (FITC-labeled goat anti-
ouse; DAKO), and after three washes in PBS the slides were
ounted in Vectashield (Vector Laboratories, Burlingame, CA)
ontaining 2.5 mg/ml propidium iodide.
RESULTS
Immunoblot Analysis of Ubiquitinated Histones in
Mouse Testis
Basic nuclear proteins were isolated from total testis from
30-day-old mice and analyzed using SDS–PAGE. The
amount of ubiquitinated histones was studied using a
polyclonal antibody directed against ubiquitin (a-ubi), on
immunoblots. The results of these experiments, presented
in Fig. 1 (lane 1), show one major and one minor band of
approximately 28 kDa, representing the bulk of ubiquiti-
nated histones. The other indicated bands may represent
polyubiquitinated histones, and the high-molecular-weight
band most likely represents a variety of (poly)ubiquitinated
nuclear substrates. A monoclonal antibody that specifically
recognizes ubiquitinated H2A (a-uH2A) (Vassilev et al.,
995), also specifically reacted with the major and minor
and of approximately 28 kDa, identical to the bands which
ere detected with a-ubi (Fig. 1, lane 3). The appearance of
uH2A as a doublet on SDS–PAGE gels has also been
described by others (Davie and Murphy, 1990). Two-
dimensional immunoblot analysis was performed, for acid-
soluble nuclear proteins, separated on AUT gels in the first
dimension and SDS–PAGE gels in the second dimension
(Fig. 2A). The two 28-kDa spots, both recognized by a-ubi
Fig. 2B) and a-uH2A (not shown), migrated at the desig-
nated uH2A position in the AUT dimension. No other
ubiquitinated histone species were detected.
s of reproduction in any form reserved.
325Histone Ubiquitination in SpermatogenesisImmunohistochemical Analysis Reveals a Distinct
Nuclear Localization of uH2A, Primarily in
Pachytene Spermatocytes and Elongating
Spermatids
Testicular uH2A was localized using the monoclonal
a-uH2A on formaldehyde-fixed testis tissue sections. The
control experiment revealed no aspecific staining, except in
the interstitium (due to the second antibody), so no infor-
mation concerning uH2A in Leydig cells and peritubular
myoid cells could be obtained using this assay (Fig. 3A).
Within the tubules, Sertoli cells and spermatogonia were
frequently found to be positive (Fig. 3C). A marked uH2A
signal was present during the prophase of meiosis I, in
pachytene spermatocytes. In these cells, a distinct struc-
tural and temporal staining pattern was observed. First,
during early pachytene, uH2A was most clearly present in a
specific round subregion of the nucleus, located in the
periphery. This region most likely is the sex body, a distinct
nuclear structure containing the X and Y chromosomes
(Fig. 3C). Subsequently, during midpachytene, the granular
FIG. 1. Analysis of ubiquitinated histones in nuclear extracts
from mouse testis. Basic nuclear proteins from total mouse testis
were analyzed on 15% SDS–PAGE gels as described under Materi-
als and Methods. His, Ponceau-stained representative lane of the
immunoblot. Lanes 1, a-ubi; 2, control (no first antibody); 3,
a-uH2A; 4, control (no first antibody). The positions of the major
histones and uH2A are indicated. *Possible polyubiquitinated
histone forms; arrowhead, polyubiquitinated basic nuclear pro-
teins. Note that the peroxidase-conjugated anti-mouse antibody
reacts aspecifically with a number of histone proteins (lane 4). In a
different experiment, using another batch of second antibody, the
results clearly showed that the first antibody does not react with
the unmodified histones (not shown).pattern of a-uH2A staining extended and covered the whole
nucleus (Fig. 3C). Late pachytene spermatocytes lost most
H
r
Copyright © 1999 by Academic Press. All rightof the signal, finally also from the sex body (Fig. 3C). No
uH2A staining was apparent during the diplotene stage and
the subsequent meiotic divisions. Postmeiotically, uH2A
was observed only in nuclei of steps 8–12 elongating
spermatids (Figs. 3B and 3C).
Immunocytochemical Analysis of Pachytene
Spermatocytes Confirms the Presence
of uH2A in the Sex Body
Surface spreads of spermatocytes were used to study the
exact intranuclear localization of uH2A (Fig. 4). Clear and
granular uH2A staining was found in a rounded peripheral
IG. 2. Two-dimensional electrophoretic analysis of ubiquiti-
ated histones in nuclear extracts from mouse testis. Basic nuclear
roteins were analyzed on AUT SDS–PAGE two-dimensional gels
AUT, first dimension; SDS–PAGE, second dimension); one lane
ontaining a one-dimensional SDS–PAGE analysis was included.
A) Ponceau-stained Western blot; the approximate localizations ofF
n
p
(
c
(1, H2A, H2B, H3, and H4 spots are indicated. (B) Western blot
eacted with a-ubi; the specifically recognized spots are indicated.
s of reproduction in any form reserved.
326 Baarends et al.FIG. 3. uH2A immunoexpression in mouse testis. Formaldehyde-fixed mouse testis sections were incubated without (A) or with (B, C) the
a-uH2A monoclonal antibody. After the second antibody reaction, the antigen–antibody complexes were detected through DAB staining
(brown). (A) Negative control; some nonspecific staining covering the interstitial cells and the tubule lining can be observed. Scale bar
represents 50 mm. (B) Representative uH2A immunostaining in wild-type testis viewed at the same magnification as in (A); note the clear
uH2A immunoexpression in midpachytene spermatocytes in the right tubule and the very low signal in the early pachytene cells of the left
tubule. Also, some staining is still found in a few condensing spermatids (step 13) of the left tubule. (C) Higher magnification of uH2A
immunoexpression in midpachytene spermatocytes (mp), in particular in the sex body (sb), and in elongating spermatids (et) and Sertoli
cells (Sc). A very low uH2A level is observed in late pachytene spermatocytes (lp), and no specific uH2A staining can be detected in round
spermatids (rt) and leptotene spermatocytes (ls). Scale bar represents 10 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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327Histone Ubiquitination in Spermatogenesisregion, one in each nucleus. Counterstaining of the DNA
with propidium iodide showed that the uH2A signal cov-
ered the more densely stained sex chromosomal DNA.
The Amount of uH2A Varies during Postnatal
Testis Development and Differs between
Specific Isolated Germ Cell Types
Using immunoblot analysis, it was observed that the
testicular uH2A level was higher in 7-day-old mice,
compared to mice of 3 to 4 weeks of age (Fig. 5A). This
indicates that during progression of the first wave of
spermatogenesis, a relatively low level of uH2A in cer-
tain testicular cell types results in a decrease of the total
uH2A amount/mg protein. To investigate this in more
detail, and to confirm the uH2A immunolocalization
pattern, we expected to be able to study the uH2A level in
basic nuclear extracts from different isolated testicular
germ cell types on immunoblots. However, we found that
the amount of ubiquitinated histones in a total germ cell
preparation clearly decreased during incubation in PBS at
room temperature for 1 h or longer (not shown), appar-
FIG. 4. Immunocytochemical detection of uH2A in the sex body
of pachytene spermatocytes. Spermatocytes were spread on glass
slides and uH2A was detected using a-uH2A antibodies in an
immunofluorescence staining procedure (see Materials and Meth-
ods). The nuclear material is counterstained with propidium iodide
(red) and the green staining reflects uH2A immunoexpression in
the condensed X and Y chromosomes, forming the so-called sex
body. Using this method, uH2A immunoexpression in the auto-
somes was low or undetectable.ently as a result of protein deubiquitination. Hence, the
StaPut purification procedure was carried out at 7°C and
c
s
Copyright © 1999 by Academic Press. All rightin the presence of iodoacetamide which inhibits deubi-
quitination (Fig. 5B) through inactivation of deubiquiti-
nation enzymes which require free sulfhydryl groups
(Matsui et al., 1982). Unfortunately, it was found that,
under these conditions, spermatids did not survive the
Percoll gradient centrifugation step that follows the
StaPut procedure and is performed to further purify the
cells. Thus, highly purified cell preparations of spermato-
cytes and round spermatids can be obtained with a
combined StaPut and Percoll purification procedure, but
only without the addition of iodoacetamide. When iso-
lated in the absence of iodoacetamide, the pachytene
spermatocytes still contained a relatively large amount of
ubiquitinated histones, but no detectable amount of
ubiquitinated histones was found in nuclear extracts
from isolated round spermatids (Fig. 5C). In view of
possible deubiquitination that occurs during cell isola-
tion, these results do not exclude a low level of ubiqui-
tinated histones in round spermatids. On the other hand,
the immunoblot results are in agreement with the im-
munohistochemical observations, which also show a lack
of uH2A in round spermatids. Furthermore, the observed
developmental decrease of the testicular uH2A level/mg
protein during the initiation of spermatogenesis (Fig. 5A)
can be explained by the first appearance of an uH2A-
negative spermatid fraction, which constitutes an in-
creasing proportion of the testicular cell population from
14 to 28 days. However, developmental changes in the
uH2A level of somatic cell types of the testis cannot be
excluded. Elongating and early condensing spermatids
(steps 8 –12), which did show histological uH2A immu-
noexpression, represent only a small portion of the total
germ cell population, and these cells are difficult to
purify with StaPut and Percoll methods due to their broad
sedimentation pattern, which overlaps with the sedimen-
tation of round spermatids and also partially with that of
spermatocytes (Meistrich et al., 1973). In order to obtain
a preparation of these cells, we used an approach that
involved in vivo elimination of all spermatocytes and
most of the round spermatids, through g-irradiation of
ice (see Materials and Methods). Histological analysis
f a representative g-irradiated testis confirmed the ab-
ence of spermatocytes and most of the round sperma-
ids, with the elongating and condensing spermatids still
eing present. A highly purified fraction of elongating and
ondensing spermatids was isolated from these
g-irradiated mouse testes, in the presence of iodoacet-
mide at 7°C using the StaPut procedure. Ubiquitinated
istones were detected in this fraction, albeit at a lower
evel than in a spermatocyte-enriched germ cell prepara-
ion that was isolated in parallel from testes of nonirra-
iated mice (Fig. 5D).
Preparations enriched for different somatic cell types of
he testis, in particular Leydig cells, peritubular myoid
ells, and Sertoli cells, all contained ubiquitinated H2A (not
hown).
s of reproduction in any form reserved.
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328 Baarends et al.Comparison between Wild-Type and HR6B
Knockout Mouse Testes Reveals No Overt
Differences in the Amount and
Localization of uH2A
FIG. 5. Changes in uH2A level during mouse testis and germ cell
development. (A, top) Basic nuclear proteins from testes of 7-, 14-,
21-, and 28-day-old mice, showing equal amounts of protein
present in each lane; (bottom) immunoblot reacted with a-ubi
antibodies. (B) a-Ubi immunostaining of uH2A present in basic
uclear proteins from an enriched spermatocyte preparation. The
permatocytes were isolated in the absence (2) or presence (1) of
odoacetamide. (C) a-Ubi immunostaining of uH2A present in
asic nuclear proteins from spermatocytes (spc) and round sperma-
ids (r spt), isolated as described under Materials and Methods from
mmature (30 days) and mature (adult) mice. (D) a-Ubi immuno-
taining of uH2A present in basic nuclear proteins from an en-
iched pachytene spermatocyte preparation (isolated in the pres-
nce of iodoacetamide) (spc) and elongating spermatids (el spt). The
longating spermatids were isolated from testis of g-irradiated mice
using the StaPut procedure (at 7°C, with 10 mM iodoacetamide)
(see Materials and Methods and Results). An equal amount of
protein was present per lane in gels from B–D, results from the
Ponceau-stained Western blot are not shown.Acid-soluble nuclear proteins were obtained from
StaPut/Percoll preparations of pachytene spermatocytes
Copyright © 1999 by Academic Press. All rightnd round spermatids, isolated in the absence of iodo-
cetamide, from 30-day-old wild-type and HR6B knock-
ut mice. Animals of this age were used because the first
ave of spermatogenesis in HR6B knockout mice starts
pparently normally, permitting isolation of populations
f pachytene spermatocytes and round spermatids. The
mpairment of spermatogenesis starts to occur with the
ppearance of elongating and condensing spermatids, and
uch late spermatids cannot be isolated in sufficient
uantity, neither from immature nor from adult HR6B
nockout mice. For wild-type mouse testis, no difference
as found in the amount of ubiquitinated histones in
erm cell preparations isolated from 30-day-old and adult
ice (Fig. 5C). Then, when we analyzed wild-type versus
nockout, immunoblot analysis revealed that there is no
vert difference in the amounts of uH2A between sper-
atocytes of wild-type and knockout mouse testes. As
xpected on the basis of the results described above, no
ignal was observed for the isolated round spermatids
Fig. 6).
Immunolocalization of uH2A in 6-week-old HR6B
nockout mouse testis showed the presence of uH2A in
permatocytes, in a pattern very similar to that of wild-type
ouse testis (Figs. 7B and 7D). The nuclear uH2A staining
n elongating spermatids of HR6B knockout mice was
ifferent from the staining observed for wild-type testis, due
o the aberrant shape of the spermatid nuclei of the knock-
ut testis and the overall disorganization of the spermato-
enic epithelium containing the late spermatids. However,
he remaining elongating spermatids in HR6B knockout
ice still seem to contain a considerable amount of uH2A.
t is certain that subtle quantitative differences in the
mount of ubiquitinated histones present in nuclei of germ
ell types from wild-type and knockout mouse testes can-
ot be detected using these immunoblotting and immuno-
istochemical methods.
DISCUSSION
Two-dimensional gel electrophoresis and immunoblot
analysis of basic nuclear proteins isolated from total mouse
testis revealed that the major ubiquitinated histone in
mouse testis is H2A. Ubiquitination of other histones was
not detected. This result was confirmed by the finding that
a polyclonal anti-ubiquitin antibody and a monoclonal
anti-uH2A antibody both recognized two bands around 28
kDa on SDS–PAGE gels. The variation in the amount of
uH2A during spermatogenesis in the mouse was studied
using immunohistochemistry and also by means of immu-
noblot analysis of basic nuclear proteins isolated from
purified germ cell preparations. The immunoblot results
confirm the immunohistochemical data, as schematically
summarized in Fig. 8. The amount of uH2A was maximal
during the pachytene stage of the meiotic prophase. The
uH2A immunoexpression in pachytene nuclei was first
limited mainly to the sex body (early pachytene), then it
s of reproduction in any form reserved.
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329Histone Ubiquitination in Spermatogenesiscovered the whole nucleus (midpachytene) and was subse-
quently again limited to the sex body of late pachytene
spermatocytes.
Thus, we found the highest uH2A level in the condensed
and transcriptionally inactive XY chromatin of the sex body
(Monesi, 1965; Oud et al., 1979). During midpachytene,
uH2A staining on the transcriptionally active autosomal
chromatin becomes clearly visible, but the sex body still
remains the most densely stained structure, even when the
sex body chromatin partially decondenses, during late
pachytene. Although we cannot formally exclude the pos-
sibility that the monoclonal anti-uH2A antibody recognizes
an epitope in the sex body chromatin that is not part of
uH2A, the finding that this antibody recognizes only uH2A
and no other basic nuclear testicular protein on immuno-
blots, combined with the observation that anti-uH2A also
specifically binds in an evenly distributed manner to the
sex body chromatin of spread spermatocyte nuclei, strongly
supports the conclusion that uH2A is enriched in the sex
body chromatin. This is a surprising finding, in light of the
fact that deubiquitination is currently viewed as a general
aspect of chromosome condensation (Matsui et al., 1979).
Although the exact function of histone ubiquitination is
not known, it has been shown that this nuclear protein
modification alters nucleosome stability and thereby may
facilitate processes that require access to DNA (Li et al.,
1993). It could be hypothesized that histone ubiquitination
during pachytene facilitates replacement of somatic his-
tones by the testis-specific isotypes that are synthesized in
pachytene spermatocytes, such as testis-specific H1t (Fig. 8)
(Drabent et al., 1996).
There are some data that point to a direct functional link
f ubiquitination of H2B, and to a lesser extent that of H2A,
ith gene transcription (Nickel et al., 1989; Davie and
FIG. 6. Level of uH2A in isolated spermatocytes and round sperma-
tids from wild-type and HR6B knockout mice. Spermatocytes (spc)
and round spermatids (r spt) were isolated from wild-type (WT) and
HR6B knockout (KO) mouse testes, using the StaPut/Percoll proce-
dure as described under Materials and Methods. uH2A was detected
with a-ubi. His, Ponceau-stained lane of the Western blot containing
asic nuclear proteins from wild-type spermatocytes; this amount of
rotein was present in all lanes (not shown).urphy, 1990, 1994; Davie et al., 1991). However, it is
ncertain whether this role of histone ubiquitination is a
1
t
Copyright © 1999 by Academic Press. All righteneral phenomenon. Certainly, the present results on the
and Y chromosomes of the sex body indicate that uH2A
an also localize to inactive, relatively condensed chroma-
in. There is one report that describes a similar correlation
etween inactive chromatin and ubiquitin immunolocal-
zation, for polytene chromosomes of Drosophila (Izqui-
rdo, 1994). Also, it is of interest to note that there is
enetic evidence for yeast (Moazed and Johnson, 1996;
uang et al., 1997) and Drosophila (Henchoz et al., 1996)
hat ubiquitination of unknown substrates stimulates si-
encing of certain genes.
The observed lack of histone ubiquitination in round
permatids, both in isolated cell preparations and in testis
issue sections, is a very unexpected finding. A different
esult was recently reported by Chen et al. (1998), who
ound a moderate uH2A level in round spermatid nuclei
solated from rats. The difference with our finding might
ery well be explained by the fact that the round spermatid
reparation as isolated by Chen et al. (1998) still contained
considerable amount of spermatocytes (11%) and somatic
ells (11%). Furthermore, species differences might play a
ole, although this seems less likely, since we have found
imilar uH2A immunoexpression patterns in mouse and rat
issue sections (unpublished observations).
Thus far no mammalian cell type without ubiquitinated
istones has been described, apart from cell-cycle depen-
ent deubiquitination and reubiquitination, at metaphase
nd anaphase, respectively (Matsui et al., 1979; Wu et al.,
981). Although we cannot exclude that a very small amount
f ubiquitinated histones is present in round spermatids,
ut is lost during the isolation procedure, it is clear that in
omparison with pachytene spermatocytes the amount of
H2A has dramatically decreased after completion of the
eiotic divisions. Possibly, there is increased deubiquiti-
ating activity, just prior to the first meiotic division,
hich causes the loss of uH2A from diplotene spermato-
ytes. This would be comparable to histone deubiquitina-
ion during, or just prior to, mitotic metaphase. Throughout
he second meiotic division and the first seven steps of
permiogenesis, deubiquitination rather than ubiquitina-
ion remains the prevailing steady-state situation. In steps
–12 spermatids, ubiquitinated histones reappear, as ob-
erved both through immunohistochemistry and through
mmunoblot analysis.
Histone deubiquitination in somatic cells and also in
permatogenic cells is most likely catalyzed by one of the
embers of the large family of deubiquitinating enzymes
DUBs). The specific enzyme involved in the mitotic cell-
ycle-dependent mechanism has not been identified
Wilkinson, 1997). One of the DUB enzymes, PGP9.5, is
electively expressed in brain and testis of rat (Kajimoto et
l., 1992). Furthermore, human and mouse homologues of
he Drosophila Fat facets gene, which encodes a DUB
nvolved in eye development and oogenesis, are located on
he X and Y chromosomes (Jones et al., 1996; Brown et al.,
998). The X-chromosomal gene (DFFRX/Dffrx) is ubiqui-
ously expressed, but with enhanced expression in both
s of reproduction in any form reserved.
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330 Baarends et al.human and mouse testis. The Y-chromosomal gene
(DFFRY/Dffry, 89% identical base pairs with the
X-chromosomal gene) is ubiquitously expressed in the hu-
man and expressed in a testis-specific manner in the mouse.
This latter gene maps to the infertility-associated regions
AZFa (human) and Sxrb (mouse) (Brown et al., 1998). It will
be of much interest to determine whether any of the genes
encoding DUB enzymes show enhanced expression in
round spermatids.
When the experiments described herein were started, our
main aim was to test the hypothesis that histone ubiquiti-
nation occurs during the histone-to-protamine transition,
and that this process is impaired through loss-of-function of
one of the two mammalian homologs of yeast RAD6, in
HR6B knockout mice. This hypothesis was based on three
observations concerning RAD6 function in yeast. First,
FIG. 7. uH2A immunoexpression in testes from wild-type and H
a-uH2A. (B and D) HR6B knockout testis sections reacted wi
permatocytes (compare A to B) and early elongating (steps 8–9) spe
ice. mp, pachytene spermatocyte; et, elongating spermatid. ScaleRAD6 is able to ubiquitinate histones in vitro (Jentsch et
al., 1987). Second, this ubiquitination requires an intact
Copyright © 1999 by Academic Press. All rightpolyacidic C-terminal tail of RAD6, and this tail is also
essential for sporulation (reviewed by Lawrence, 1994).
Third, although histone ubiquitination in vivo in yeast has
not been detected, and mutation of the ubiquitination site
in the H2A protein does not reduce yeast cell viability, this
mutation exerts a small negative effect upon sporulation
efficiency (Swerdlow et al., 1990).
The presence of uH2A in elongating spermatids, with the
relatively high immunoexpression of uH2A in the nuclei of
these cells, immediately precedes the replacement of his-
tones by transition proteins. This may point to a functional
role for histone ubiquitination in the histone-to-protamine
replacement. There is overall agreement with the findings
of increased histone ubiquitination during late phases of
spermatogenesis in chicken and trout (Agell et al., 1983;
Nickel et al., 1987). Very recently, when the experiments
knockout mice. (A and C) Wild-type testis sections reacted with
-uH2A. No detectable change in uH2A staining of pachytene
tids (compare C to D) was observed in testes from HR6B knockout
represents 30 mm.R6B
th adescribed herein were completed, ubiquitinated H3 was
detected in elongating spermatids from rat (Chen et al.,
s of reproduction in any form reserved.
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331Histone Ubiquitination in Spermatogenesis1998). No other cell type has ever been reported to contain
ubiquitinated H3, and this may further point to a specific
role for histone ubiquitination during postmeiotic chroma-
tin reorganization. However, in mouse testis, we and others
(M. L. Meistrich, personal communication) could not detect
ubiquitinated H3.
A simple straightforward hypothesis is that ubiquitina-
tion of histones in elongating spermatids results in an
alteration of chromatin structure, which allows other fac-
tors, such as the transition proteins, access to the DNA.
Evidently, there is no future role for histones in spermatids,
so it is likely that the released histones will be degraded,
possibly through activity of the 26S proteasome. In con-
trast, in somatic cells undergoing mitotic proliferation,
FIG. 8. Immunoexpression of uH2A during histone-to-protamine
represents the last step of entry into meiosis (B to Pl) and the sub
presence or absence of specific proteins involved in chromatin str
nucleosomes during spermatogenesis. The onset of expression of v
spermatid nuclei have elongated. Then they are removed and replace
by bars). uH2A formation as detected on immunoblots of isolated p
striped region of the histone bar. The removal of histones is prec
testis-specific H2B (tH2B) (Unni et al., 1995) (indicated by modi
(tsHMG) may contribute to changes in chromatin structure throug
Alami-Ouahabi et al., 1996). Histone H4 hyperacetylation during n
been published for rat germ cells (Meistrich et al., 1992); for the m
in pachytene spermatocytes, associated with the sex body and the
by different fill patterns of the nuclei. B, spermatogonium B; PL
testis-specific H2A; H1t, testis-specific H1.histones will take part in a ubiquitination/deubiquitination
cycle (Matsui et al., 1979; Wu et al., 1981).
u
t
Copyright © 1999 by Academic Press. All rightIn the HR6B knockout male mice, progression of the
evelopment of elongating spermatids is severely impaired.
owever, the aberrant elongating spermatids that are still
eing formed do show uH2A immunoexpression. This
ndicates that HR6B is not necessary for H2A ubiquitina-
ion per se and that, at least in meiotic male germ cells, the
bsence of HR6B does not result in a decreased amount of
H2A. Although it cannot be excluded that a small but
unctionally significant reduction in the capacity to ubiqui-
inate H2A in elongating spermatids in the HR6B knockout
ice causes part of the observed phenotype, we feel that
ysregulation of ubiquitination of other HR6B substrates
lays a role in causing the male infertility phenotype.
ertainly, E2 enzymes other than HR6B can maintain H2A
sition of mouse spermatogenesis. From left to right, the scheme
ent meiotic and postmeiotic development. The bars indicate the
e. The upper bar represents the presence of histones, packaged in
s testis-specific histones is shown. Histones remain present until
transition proteins and subsequently by protamines (also indicated
tene spermatocytes and elongating spermatids is indicated by the
by a marked increase in the detection of uH2A (this report) and
). The testis-specific high-mobility group DNA-binding protein
dulation of topoisomerase I activity (Boissonneault and Lau, 1993;
ar elongation is indicated by an open bar, to indicate that this has
, this has not been reported. Ubiquitinated H2A was detected also
omes, and in steps 8–12 spermatids, as is schematically indicated
eptotene spermatocyte; MI&II, meiotic divisions I and II; tH2A,tran
sequ
uctur
ariou
d by
achy
eded
fied H
h mo
ucle
ouse
autosbiquitination in testis of HR6B knockout mice. HR6A is
he first obvious candidate, but most likely there are several
s of reproduction in any form reserved.
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332 Baarends et al.more, since a number of ubiquitin-conjugating enzymes
show increased or exclusive expression in testis, such as rat
E217kb and its isoform 8A (Wing and Jain, 1995; Wing et al.,
1996), a human homolog of yeast UBC9 (Kovalenko et al.,
1996; Yasugi and Howley, 1996), and also UbcH-ben, which
is encoded by a human homolog of the Drosophila gene
bendless (Yamaguchi et al., 1996). Partial functional redun-
dancy, between HR6A and HR6B, complicates the interpre-
tation of the HR6B knockout phenotype, and the subse-
quent identification of critical HR6A/B substrates that are
involved. Apart from histones, no other candidate sub-
strates are known. We have planned to try to identify can-
didate substrates, through approaches such as two-hybrid
selection. However, in the HR6B knockout mice, the ab-
sence of HR6B may become critical at variable time points
during meiotic and postmeiotic germ cell development,
depending on the amount of HR6A that is still present and
the compensatory potential of other E2 enzymes. Thus, a
clear-cut difference between wild-type and HR6B knockout
testes in the amount, or ubiquitination level, of certain
critical substrates may not be easily found.
In conclusion, we have shown that ubiquitination of
histones occurs during the postmeiotic histone-to-
protamine transition. In addition, histone ubiquitination in
pachytene spermatocytes is increased, in particular for the
X and Y chromosomes in the sex body. As discussed, this
latter observation is remarkable, in view of the fact that this
points to a situation in which histone ubiquitination is
correlated with transcriptionally inactivated chromatin.
ACKNOWLEDGMENTS
We thank Dr. Celis (Institute of Medical Biochemistry and
Danish Center for Human Genome Research University of Aarhus,
Aarhus, Denmark) for providing us with the a-uH2A antibody
(mAb E6C5), Dr. P. de Boer (Department of Genetics, Agricultural
University Wageningen, The Netherlands) for his advice on immu-
nocytochemical methods, and Dr. W. A. van Cappellen for his
assistance with the image analysis. This work was supported by the
Dutch Science Foundation (NWO) through GB-MW (Medical Sci-
ences), and by the Dutch Cancer Society (IKR 92-118).
REFERENCES
Agell, N., Chiva, M., and Mezquita, C. (1983). Changes in nuclear
content of protein conjugate histone H2A–ubiquitin during
rooster spermatogenesis. FEBS Lett. 155, 209–212.
Agell, N., and Mezquita, C. (1988). Cellular content of ubiquitin
and formation of ubiquitin conjugates during chicken spermato-
genesis. Biochem. J. 250, 883–889.
lami-Ouahabi, B., Veilluex, S., Meistrich, M. L., and Boisson-
neault, G. (1996). The testis-specific high-mobility-group pro-
tein, a phosphorylation-dependent DNA-packaging factor of
elongating and condensing spermatids. Mol. Cell. Biol. 16, 3720–
3729.aarends, W. M., Roest, H. P., Hoogerbrugge, J. W., Hendriksen,
P. J. M., Hoeijmakers, J. H. J., and Grootegoed, J. A. (1998).
Copyright © 1999 by Academic Press. All rightChromatin structure and gene expression during spermatogen-
esis. In “Testicular Function: From Gene Expression to Genetic
Manipulation” (M. Stefanini, C. Boitani, M. Galdieri, R. Ger-
emia, and F. Palomi, Eds.), Ernst Schering Research Foundation
Workshop Supplement 3, pp. 83–103. Springer-Verlag, Berlin.
Boissonneault, G., and Lau, Y.-F. (1993). A testis-specific gene
encoding a nuclear high-mobility-group box protein located in
elongating spermatids. Mol. Cell. Biol. 13, 4323–4330.
Brown, G. M., Furlong, R. A., Sargent, C. A., Erickson, R. P.,
Longepied, G., Mitchell, M., Jones, M. H., Hargreave, T. B.,
Cooke, H. J., and Affara, N. A. (1998). Characterisation of the
coding sequence and fine mapping of the human DFFRY gene and
comparative expression analysis and mapping to the Sxrb inter-
val of the mouse Y chromosome of the Dffry gene. Hum. Mol.
Genet. 7, 97–107.
Chen, H. Y., Sun, J. M., Zhang, Y., Davie, J. R., and Meistrich, M. L.
(1998). Ubiquitination of histone H3 in elongating spermatids of
rat testes. J. Biol. Chem. 273, 13165–13169.
Davie, J. R. (1982). Two-dimensional gel systems for rapid histone
analysis for use in minislab polyacrylamide gel electrophoresis.
Anal. Biochem. 120, 276–281.
Davie, J. R., Lin, R., and Allis, C. D. (1991). Timing of the
appearance of ubiquitinated histones in developing new macro-
nuclei of Tetrahymena thermophila. Biochem. Cell. Biol. 69,
66–71.
Davie, J. R., and Murphy, L. C. (1990). Level of ubiquitinated
histone H2B in chromatin is coupled to ongoing transcription.
Biochemistry 29, 4752–4757.
Davie, J. R., and Murphy, L. C. (1994). Inhibition of transcription
selectively reduces the level of ubiquitinated histone H2B in
chromatin. Biochem. Biophys. Res. Commun. 203, 344–350.
Drabent, B., Bode, C., Bramlage, B., and Doenecke, D. (1996).
Expression of the mouse testicular histone H1t during spermato-
genesis. Histochem. Cell. Biol. 106, 247–251.
Grootegoed, J. A., Jansen, R., and van der Molen, H. J. (1986). Effect
of glucose on ATP dephosphorylation in rat spermatids. J. Re-
prod. Fertil. 77, 99–107.
Haas, A. L., Bright Reback, P., and Chau, V. (1991). Ubiquitin
conjugation by the yeast RAD6 and CDC34 gene products.
J. Biol. Chem. 266, 5104–5112.
Henchoz, S., De Rubertis, F., Pauli, D., and Spierer, P. (1996). The
dose of a putative ubiquitin-specific protease affects position-
effect variegation in Drosophila melanogaster. Mol. Cell. Biol.
16, 5717–5725.
Hendriksen, P. J. M., Hoogerbrugge, J. W., Themmen, A. P. N.,
Koken, M. H. M., Hoeijmakers, J. H. J., Oostra, B. A., Van der
Lende, T., and Grootegoed, J. A. (1995). Postmeiotic transcription
of X and Y chromosomal genes during spermatogenesis in the
mouse. Dev. Biol. 170, 730–733.
Huang, H., Kahana, A., Gottschling, D. E., Prakash, L., and Lieb-
man, S. W. (1997). The ubiquitin-conjugating enzyme Rad6
(Ubc2) is required for silencing in Saccharomyces cerevisiae.
Mol. Cell. Biol. 17, 6693–6699.
Izquierdo, M. (1994). Ubiquitin genes and ubiquitin protein loca-
tion in polytene chromosomes of Drosophila. Chromosoma 103,
193–197.
Jentsch, S., McGrath, J. P., and Varshavsky, A. (1987). The yeast
DNA repair gene RAD6 encodes a ubiquitin-conjugating en-
zyme. Nature 329, 131–134.
Jones, M. H., Furlong, R. A., Burkin, H., Chalmers, I. J., Brown,
G. M., Khwaja, O., and Affara, N. A. (1996). The Drosophila
developmental gene fat facets has a human homologue in Xp11.4
s of reproduction in any form reserved.
333Histone Ubiquitination in Spermatogenesiswhich escapes X-inactivation and has related sequences on
Yq11.2. Hum. Mol. Genet. 5, 1695–1701.
Kajimoto, Y., Hashimoto, T., Shirai, Y., Nishino, N., Kuno, T., and
Tanaka, C. (1992). cDNA cloning and tissue distribution of a rat
ubiquitin carboxyl-terminal hydrolase PGP9.5. J. Biochem. 112,
28–32.
Koken, M. H., Reynolds, P., Jaspers-Dekker, L., Prakash, L.,
Prakash, S., Bootsma, D., and Hoeijmakers, J. H. J. (1991).
Structural and functional conservation of two human homologs
of the yeast DNA repair gene RAD6. Proc. Natl. Acad. Sci. USA
88, 8865–8869.
Koken, M. H. M., Hoogerbrugge, J. W., Jaspers-Dekker, I., de Wit, J.,
Willemsen, R., Roest, H. P., Grootegoed, J. A., and Hoeijmakers,
J. H. J. (1996). Expression of the ubiquitin-conjugating DNA
repair enzymes HHR6A and B suggests a role in spermatogenesis
and chromatin modification. Dev. Biol. 173, 119–132.
Kovalenko, O. V., Plug, A. W., Haaf, T., Gonda, D. K., Ashley, T.,
Ward, D. C., Radding, C. M., and Golub, E. I. (1996). Mammalian
ubiquitin-conjugating enzyme Ubc9 interacts with Rad51 re-
combination protein and localizes in synaptonemal complexes.
Proc. Natl. Acad. Sci. USA 93, 2958–2963.
Lanneau, M., and Loir, M. (1982). An electrophoretic investigation
of mammalian spermatid-specific nuclear proteins. J. Reprod.
Fertil. 65, 163–170.
Lawrence, C. (1994). The RAD6 repair pathway in Saccharomyces
cerevisiae: What does it do, and how does it do it? Bioessays 16,
253–258.
Li, W., Nagaraja, S., Delcuve, G. P., Hendzel, M. J., and Davie, J. R.
(1993). Effects of histone acetylation, ubiquitination and variants
on nucleosome stability. Biochem. J. 296, 737–744.
Matsui, S. I., Seon, B. K., and Sandberg, A. A. (1979). Disappearance
of a structural chromatin protein A24 in mitosis: Implications for
molecular basis of chromatin condensation. Proc. Natl. Acad.
Sci. USA 76, 6386–6390.
Matsui, S., Sandberg, A. A., Negoro, S., Seon, B. K., and Goldstein,
G. (1982). Isopeptidase: A novel eukaryotic enzyme that cleaves
isopeptide bonds. Proc. Natl. Acad. Sci. USA 79, 1535–1539.
Meistrich, M. L., Bruce, W. R., and Clermont, Y. (1973). Cellular
composition of fractions of mouse testis cells following velocity
sedimentation separation. Exp. Cell Res. 79, 213–227.
Meistrich, M. L., Trostle-Weige, P. K., Lin, R., Bhatnagar, Y. M.,
and Allis, C. D. (1992). Highly acetylated H4 is associated with
histone displacement in rat spermatids. Mol. Reprod. Dev. 31,
170–181.
Mezquita, J., Pau, M., and Mezquita, C. (1997). Heat-shock induc-
ible polyubiquitin gene UbI undergoes alternative initiation and
alternative splicing in mature chicken testes. Mol. Reprod. Dev.
46, 471–475.
Moazed, D., and Johnson, D. (1996). A deubiquitinating enzyme
interacts with SIR4 and regulates silencing in S. cerevisiae. Cell
86, 667–677.
Monesi, V. (1965). Differential rate of ribonucleic acid synthesis in
the autosomes and sex chromosomes during male meiosis in the
mouse. Chromosoma 17, 11–21.
Nickel, B. E., Roth, S. Y., Cook, R. G., Allis, C. D., and Davie, J. R.
(1987). Changes in the histone H2A variant H2A. Z and polyu-
biquitinated histone species in developing trout testis. Biochem-
istry 26, 4417–4421.
Nickel, B. E., Allis, C. D., and Davie, J. R. (1989). Ubiquitinated
histone H2B is preferentially located in transcriptionally active
chromatin. Biochemistry 28, 958–963.
Copyright © 1999 by Academic Press. All rightOliva, R., and Dixon, G. H. (1991). Vertebrate protamine genes and
the histone-to-protamine replacement reaction. Prog. Nucleic
Acid Res. Mol. Biol. 40, 25–94.
Oud, J. L., de Jong, J. H., and de Rooij, D. G. (1979). A sequential
analysis of meiosis in the male mouse using a restricted sper-
matocyte population obtained by a hydroxyurea/triaziquone
treatment. Chromosoma 71, 237–248.
Peters, A. H., Plug, A. W., van Vugt, M. J., and de Boer, P. (1997). A
drying-down technique for the spreading of mammalian meio-
cytes from the male and female germline. Chromosome Res. 5,
66–68.
Roest, H. P., Klaveren van, J., de Wit, J., van Gurp, C. G., Koken,
M. H. M., Vermey, M., Roijen van, J. H., Vreeburg, J. T. M.,
Baarends, W. M., Bootsma, D., et al. (1996). Inactivation of the
HR6B ubiquitin-conjugating DNA repair enzyme in mice causes
a defect in spermatogenesis associated with chromatin modifi-
cation. Cell 86, 799–810.
Swerdlow, P. S., Schuster, T., and Finley, D. (1990). A conserved
sequence in histone H2A which is a ubiquitination site in higher
eucaryotes is not required for growth in Saccharomyces cerevi-
siae. Mol. Cell. Biol. 10, 4905–4911.
Unni, E., Mayerhofer, A., Zhang, Y., Bhatnagar, Y. M., Russell,
L. D., and Meistrich, M. K. (1995). Increased accessibility of the
N-terminus of testis-specific histone TH2B to antibodies in
elongating spermatids. Mol. Reprod. Dev. 42, 210–219.
Varshavsky, A. (1997). The ubiquitin system. Trends Biochem. Sci.
22, 383–387.
Vassilev, A. P., Rasmussen, H. H., Christensen, E. I., Nielsen, S.,
and Celis, J. E. (1995). The levels of ubiquitinated histone H2A
are highly upregulated in transformed human cells: Partial colo-
calization of uH2A clusters and PCNA/cyclin foci in a fraction of
cells in S-phase. J. Cell Sci. 108, 1205–1215.
Ward, W. S., and Coffey, D. S. (1991). DNA packaging and organi-
zation in mammalian spermatozoa: Comparison with somatic
cells. Biol. Reprod. 44, 569–574.
West, M. H., and Bonner, W. M. (1980). Histone 2A, a heteromor-
phous family of eight protein species. Biochemistry 19, 3238–
3245.
Wilkinson, K. D. (1997). Regulation of ubiquitin-dependent pro-
cesses by deubiquitinating enzymes. FASEB J. 11, 1245–1256.
Wing, S. S., and Jain, P. (1995). Molecular cloning, expression and
characterization of a ubiquitin enzyme (E217kD) highly expressed
in rat testis. Biochem. J. 305, 125–132.
Wing, S. S., Be´dard, Morales, C., Hingamp, P., and Trasler, J. (1996).
A novel rat homolog of the Saccharomyces cerevisiae ubiquitin-
conjugating enzymes UBC4 and UBC5 with distinct biochemical
features is induced during spermatogenesis. Mol. Cell. Biol. 16,
4064–4072.
Wu, R. S., Kohn, K. W., and Bonner, W. M. (1981). Metabolism of
ubiquitinated histones. J. Biol. Chem. 256, 5916–5920.
Yamaguchi, T., Kim, N. S., Sekine, S., Seino, H., Osaka, F., Yamao,
F., and Kato, S. (1996). Cloning and expression of cDNA encoding
a human ubiquitin-conjugating enzyme similar to the Drosoph-
ila bendless gene product. J. Biochem. 120, 494–497.
Yasugi, T., and Howley, P. M. (1996). Identification of the struc-
tural and functional human homolog of the yeast ubiquitin-
conjugating enzyme UBC9. Nucleic Acids Res. 24, 2005–2010.
Received for publication June 16, 1998
Revised November 18, 1998
Accepted November 23, 1998
s of reproduction in any form reserved.
